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Bertil Daneholt basket-like structure. The structural differences be-
tween the two sides of the NPC may reflect differencesDepartment of Cell and Molecular Biology
in the recognition and further processing of the transportMedical Nobel Institute
substrates during import and export.Karolinska Institutet
The NPC contains about 100 different proteins, desig-S-17177 Stockholm
nated nucleoporins (for recent reviews, see Davis 1995;Sweden
Pante´ and Aebi, 1996). These proteins are presently be-
ing identified and characterized with remarkable speed,
but nevertheless most of them are still unknown. The
After the processing of pre–messenger RNA (pre-mRNA)
nucleoproteins examined usually display characteristic,
in the cell nucleus, the mature messsenger RNA (mRNA)
often repeated, structural motifs, the significance of
is transferred to the cytoplasm. Over the years, research which are not yet fully understood. Several of the
in this area has focused more on the net effect of this nucleoporins have been recovered in defined supramo-
nucleocytoplasmic transport than on the translocation
lecular complexes, and some of the nucleoporins have
event per se. It is true that early studies using electron
been approximately located to the cytoplasmic or nu-
microscopy demonstrated that high molecular weight clear fibers or to the core of the NPC. It is, however,
RNA, associated with proteins in ribonucleoprotein evident that we still have only a very fragmented view
(RNP) complexes, leaves the nucleus through the nu- of the molecular organization of the NPC. Better knowl-
clear pores; endogenous messenger RNP (mRNP) parti- edge of the NPC structure is essential not only to eluci-
cles as well as ribosomal subunits were directly visual- date direct molecular interactions between the transport
ized in transit through the pore (Franke and Scheer, substrate and the NPC but also to understand major
1974). Furthermore, when injected into amphibian nu- conformational changes in the NPC related to transport,
clei, colloidal gold particles covered with transfer RNA, such as the expansion of the central channel.
5S RNA, or poly(A) could be seen passing through the Immediately upon synthesis, pre-mRNA becomes as-
pores into the cytoplasm (Dworetzky and Feldherr, sociated with proteins to form the RNP particles, desig-
1988). However, the actual mechanisms involved could nated pre-mRNP or hnRNP (heterogeneous nuclear ri-
not be elucidated in these early studies. Today, the pos- bonucleoprotein; for review, see Dreyfuss et al., 1993).
sibilities of exploring the translocation process are con- These particles or complexes appear in the cell as peri-
siderably more favorable because of recent progress chromatin fibrils or, when the fibril is packed into higher
on both the nuclear pore complex (NPC) and pre-mRNP order structures,as perichromatin granules. The popula-
particles. Furthermore, specific structural elements tion of hnRNP proteins is complex; in humans, for exam-
within the pre-mRNP complexes have been shown to ple, there are about 20 major (named A–U) and a large
be important for export, and these will be crucial starting number of minor protein species. The hnRNP proteins
tools for uncovering the translocation process. contain a modular structure with one or more RNA-
The NPC is a cylindrical assembly with 8-fold rota- binding domains and at least one auxiliary domain that
tional symmetry (Franke and Scheer, 1974; Davis, 1995; is probably involved in protein–protein interactions. The
Pante´ and Aebi, 1996). The core of the NPC can be various hnRNP proteins bind preferentially to distinct
described as a tripartite structure: a spoke–central plug RNA sequences, and each type of pre-mRNP particle
assembly framed by two thin coaxial rings, a nuclear is likely to contain a specific subset of the proteins.
ring facing the nucleoplasm, and a cytoplasmic ring The sequence-dependent binding of hnRNP proteins is
facing the cytoplasm (Figure 1). The central plug, also compatible with specific roles for the proteins in, for
designated the transporter, attains the shape of a cylin- example, splicing and transport. It was originally be-
der with a tapered center. Cell physiology experiments lieved that the RNA-binding proteins are confined to the
have shown that the NPC contains constantly open 9 cell nucleus, butsome of them (e.g., A1, E, and K) shuttle;
nm aqueous channels whose position within the NPC that is, they appear transiently in the cytoplasm.
is not clear. These tiny channels allow diffusion of ions Early electron microscopy studies demonstrated that
and smaller molecules, but not even the smallest RNA RNP particles bind to (or diffuse along) the nuclear fibers
molecules, such as transfer RNA, can move through a of the NPC and enter the central channel of the pore
9 nm channel. The central plug, however, contains a (Franke and Scheer, 1974). However, most of the RNP
channel that can expand to a diameter of about 25 nm particles could not be identified properly, nor were they
and permit large objects such as RNA (and RNP) to sufficiently large to be studied in further detail. Recently,
be exported. Because the large channel is open only however, it has been possible to investigate thoroughly
transiently, it is looked upon as a gated transport chan- the translocation of a specific pre-mRNP particle of giant
nel, although there is no strong direct evidence for a size: the Balbiani ring (BR) granules in the salivary glands
discrete gate. On both sides of the NPC core are fibers of the dipteran Chironomus tentans (Mehlin and Dane-
connected to the rings and extending out into the sur- holt, 1993). The BR genes, 35–40 kb in size, encode
rounding medium for the putative binding of compo- large secretory proteins. The genes contain four small
nents to be transported (Franke and Scheer, 1974). The introns, three at the 59 end and one at the 39 end. Be-
cytoplasmic fibers are rather short, whereas the nuclear cause more than 30 kb of the primary transcript consists
of exon RNA, the BR transcript remains exceptionallyfibers are long and seem often to be organized into a
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Figure 1. Assembly and Transport of a Balbiani Ring RNP Particle
(Top) The Balbiani ring (BR) gene with its five exons.
(Middle) The BR particle (brown) is assembled on the gene (left), unfolds, and passes through the NPC. The BR RNA with some protein ends
up in polysomes anchored to the endoplasmic reticulum (right). The RNA polymerases are depicted in blue and the ribosomes in green. The
tripartite NPC core (black) and the nuclear and cytoplasmic fibers (pink) can be seen in the NPC.
(Bottom) The presence of small nuclear RNP (snRNP) proteins, the cap-binding protein CBP20, and the two hnRNP proteins hrp45 and hr36
in the BR particle.
large also after splicing, a feature that has made it possi- positioning the particle in front of the entrance to the
central channel of the NPC (see below).ble to visualize ultrastructurally the assembly of the BR
particle on the gene and the transport of the particle to After the docking of the BR particle on the top of the
central plug, the RNP ribbon enters the channel and isand through the nuclear pores (Figure 1). Concomitant
with transcription, proteins bind to the growing RNA simultaneously straightened out (Figure 2d). It has been
revealed that the ribbon of the particle always passesmolecule, and a loosely coiled thin RNP fibril can be
seen. Subsequently, this fibril is tightly packed into a through the central channel with the 59 end of the tran-
script in the lead. Concomitant with translocation, theshort ribbon, which is gradually bent into a ring. The
completed particle, which contains four well-defineddo- ribbon is also gradually unpacked, and when it reaches
the cytoplasm, the thin RNP fibril is almost fully unfoldedmains and has a diameter of 50 nm, is released into the
nucleoplasm. When passing through the nuclear pore, (Figure 2e). No BR particle is reconstituted outside the
pore, but instead ribosomes can be seen attached tothe bent ribbon of the particle unrolls, and the tightly
packed RNP fibril unfolds and extends into the cyto- the leading end of the RNP fibril, indicating that protein
synthesis is initiated immediately upon the translocationplasm.
The translocation of the BR RNP particle and its inter- of the mRNA into the cytoplasm (Figure 2f). The finding
that the 59 end of the transcript is in the lead duringaction with the NPC has been studied in considerable
detail by several different electron microscopy ap- translocation agrees with the notion that the RNA mole-
cule is involved in the initiation of protein synthesis im-proaches, including electron tomography (Mehlin et al.,
1992) and high resolution scanning electron microscopy mediately upon entry into the cytoplasm.
The fate of some of the proteins of the BR granules(Kiseleva et al., 1996), and the results are summarized
in Figure 2. The ring-like BR particle first binds to the during translocation has been revealed recently (Figure
1, bottom). One protein, hrp36, a homolog to the mam-nuclear fibers projecting into the nucleoplasm (Figure
2a). A small terminal ring, connecting the tips of the malian hnRNP A1, is added along the BR transcript con-
comitant with transcription. It remains bound to the RNAfibers, appears, and a basket is formed. The ring ex-
pands to accomodate the large particle, which concomi- inside the nucleus, accompanies the unfolding RNA dur-
ing the passage through the nuclear pore, and also ap-tantly passes through it (Figure 2b). The particle docks
in front of the central channel of the plug (Figure 2c), pears in the polysomes, still distributed along the entire
RNA molecule (Visa et al., 1996a). A second protein,and subsequently the terminal ring of the basket seems
to dissolve (Figure 2d). Thus, the components of the hrp45, a homolog to the mammalian splicing factor ASF/
SF2, also binds along the growing RNA molecule duringbasket are reorganized in a conspicuous manner when
the BR particle is bound to and enters the NPC. The transcription and remains associated with the RNA until
the RNA reaches the pore (Alzhanova-Ericsson et al.,nuclear fibers and the basket seem to anchor the particle
to the NPC, and they probably also assist in properly 1996). However, this protein is released prior to the entry
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the pore, agrees with the observation inmammalian cells
that some hnRNP proteins are shuttling while others
are not (Pinol-Roma and Dreyfuss, 1992) The BR data
suggest that theshuttling hnRNPproteins probably pass
through the pore together with RNA and that thediscrim-
ination between shuttling and nonshuttling proteins
takes place at the nuclear pore. It has been proposed
that the nonshuttling proteins have to be actively re-
moved from the pre-mRNP complex before transport,
because they contain a nuclear retention signal that
otherwise would prevent the transport of the entire RNP
complex (Nakielny and Dreyfuss, 1996).
RNA export is a signal-mediated, energy-dependent
process, involving the Ran GTPase cycle in one or more
steps (Izaurralde and Mattaj, 1995). A signal in the mRNP
particle (and the corresponding receptor in the NPC)
could a priori participate in the binding of the particle
to the NPC, in the opening of the putative gate to the
channel, or in the translocation of the particle through
the NPC. That the BR particle enters the channel with
its 59 end in the lead suggests that one or more specific
features of the particle, and not only the RNP particle
as such, have to be recognized at the nuclear side of the
NPC. This recognition could be accomplished already
when the particle is attached to the nuclear fibers, but
more likely is accomplished when it docks at the en-
trance to the channel. One interesting possibility is that
the particle’s cap structure and the cap-binding com-
plex recognize a receptor at the very entrance to the
central channel; the gate is opened; and the 59 end
passes into the channel first. Such a mechanism would
agree with the observation in amphibian oocytes that
the cap structure is essential for the export of small
nuclear RNAs and that it facilitates the transport of
hnRNA (Jarmolowski et al., 1994). Furthermore, it has
been shown in oocytes that the cap-binding complex
is likely to be involved in the export of RNA (Izaurralde
et al., 1995). Finally, it has been demonstrated in the
BR system that the cap-binding protein CBP20 remains
bound to the 59 end of the BR transcript upon transloca-
tion through the channel and is not released until the
RNA molecule extends into the cytoplasm (Visa et al.,
1996b; Figure 1). Thus, the cap-binding complex could
serve as a signal for the recognition of the 59 end of the
RNP particle at the entrance to the central channel. Such
Figure 2. Translocation of a BP RNP Particle through the Nuclear
a recognition would be particularly important for largePore Complex
RNP complexes, because it would ensure that a verySee text for details.
long RNP fibril is properly fed from one end into the
central channel.
of the RNP complex into the central channel and never Once the gate has been opened, the unfolding RNP
appears in the cytoplasm in conjunction with the mRNA particle could move through the channel by diffusion or
molecule. Thus, both hrp36 and hrp45 behave as classic perhaps more likely by a directed mechanochemical
hnRNP proteins in the sense that they are abundant process. In this context, it is interesting to consider the
proteins bound along the pre-mRNA molecule and ac- information available on the shuttling hnRNP protein A1,
company the spliced RNA to the pore. This is in sharp which has been implicated in mRNA export (Pinol-Roma
contrast to small nuclear RNP proteins, which are asso- and Dreyfuss, 1992). Recently, it has been shown that a
ciated only with the intronregions of theRNA and appear 38–amino acid–long domain in A1 functions as a nuclear
just during the splicing events (Kiseleva et al., 1994), the export signal, suggesting that the protein could act as
59 introns being spliced concomitant with transcription a carrier for RNA during export to thecytoplasm (Michael
and the 39 intron shortly after the cessation of transcrip- et al., 1995). One possibility is that A1 interacts, directly
tion (Baure´nand Wieslander, 1994; Figure 1). The finding or indirectly, with proteins in the NPC and allows translo-
that hrp45 leaves the particle at the pore, while hrp36 cation of RNP through the NPC. Protein A1 is likely to
be present in many copies along the transcript (compareremains bound to the RNA during the passage through
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Kiseleva, E., Goldberg, M.W., Daneholt, B., and Allen, T.D. (1996).the A1-like hrp36 along the BR transcript), and it could
J. Mol. Biol. 260, 304–311.participate in a process that in a repeated stepwise
Kiseleva, E., Wurtz, T., Visa, E., and Daneholt, B. (1994). EMBO J.fashion feeds the unfolding RNP fibril through the central
13, 6052–6061.channel. Recently, it has been proposed that another
Mehlin, H., and Daneholt, B. (1993). Trends Cell Biol. 3, 443–447.protein, termed transportin, could also be involved in
Mehlin, H., Daneholt, B., and Skoglund, U. (1992). Cell 69, 605–613.the transport process (Pollard et al., 1996). Transportin
Michael, W.M., Choi, M., and Dreyfuss, G. (1995). Cell 83, 415–422.binds to a nuclear localization signal (NLS) in protein A1
Nakielny, S., and Dreyfuss, G. (1996). J. Cell Biol. 134, 1365–1373.and is responsible for the import of A1 into the cell
Pante´, N., and Aebi, U. (1996). Crit. Rev. Biochem. Mol. Biol. 31,nucleus; this pathway is different from the importin-
153–199.mediated, classic NLS pathway. Because the NLS do-
Pinol-Roma, S., and Dreyfuss, G. (1992). Nature 355, 730–732.main is identical to the nuclear export signal, however,
Pollard, V.W. Michael, W.M., Nakielny, S., Siomi, M.C., Wang, F.,it is conceivable that transportin is bound to A1 also
and Dreyfuss, G. (1996). Cell 86, 985–994.during the export of mRNA and could function as a
Visa, N., Alzhanova-Ericsson, A.T., Sun, X., Kiseleva, E., Bjo¨rkroth,cycling receptor responsible for both A1 importand RNA
B., Wurtz, T., and Daneholt, B. (1996a). Cell 84, 253–264.export.
Visa, N., Izaurralde, E., Ferreira, J., Daneholt, B., and Mattaj, I.W.This presentation of mRNP translocation through the
(1996b). J. Cell Biol. 133, 5–14.
NPC centers around the information available on the BR
RNP particle. A series of consecutive steps has been
defined during translocation: binding of the RNP particle
to the nuclear fibers, transient appearance of a basket,
docking of the particle in front of the entrance to the
central channel, shedding of the nonshuttling proteins,
unpacking of the particle, movement of the thin RNP
fibril with its 59 end in the lead through the channel, exit
into the cytoplasm, release of the cap-binding complex,
and finally initiation of protein synthesis. It still remains
to be shown whether other hnRNP complexes behave
similarly during translocation through the pore. The ba-
sic structural element, the RNA–hnRNP protein fibril, is
likely to have similar properties in hnRNP in general as
in BR particles, but in most hnRNPs the fibril is usually
much shorter, which could facilitate transport and re-
quire less dramatic conformational changes of the RNP
complex itself and less conspicuous modifications of
the basket and the central plug (with its channel). It is,
however, conceivable that the BR particle, just because
of its size, will remain a useful tool in the further molecu-
lar analysis of signal–receptor interactions and the na-
ture of the translocation mechanism. It should be possi-
ble to manipulate the soluble and NPC-bound transport
machinery (e.g., by injection of antibodies or competitive
peptides) and to visualize directly the effects on the
behavior of the RNP particle upon passage through the
NPC. Such an approach will, of course, rely heavily on
continuous progress in the analysis of the molecular
architecture of the NPC and the revelation of the key
components of the RNA transport machinery.
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